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We summarize information on naturalized and invasive conifers (class Pinopsida)
worldwide (data from 40 countries, some with remote states/territories), and contrast
these findings with patterns for other gymnosperms (classes Cycadopsida, Gnetopsida
and Ginkgoopsida) and for woody angiosperms. Eighty conifer taxa (79 species and
one hybrid; 13% of species) are known to be naturalized, and 36 species (6%) are
‘invasive’. This categorization is based on objective and conservative criteria relating
to consistency of reproduction, distance of spread from founders, and degree of reli-
ance on propagules from the founder population for persistence in areas well outside
the natural range of species. Twenty-eight of the known invasive conifers belong to





(including Taxodiaceae) has six known invasive species (4%) in four genera, but the
other four conifer families have none. There are also no known invasive species in
classes Cycadopsida, Gnetopsida or Ginkgoopsida. No angiosperm family compris-
ing predominantly trees and shrubs has proportionally as many invasive species as
the Pinaceae.





invasiveness in conifers is associated with a syndrome of life-history traits: small seed

























 exemplify this syndrome. Many rare and
endangered conifer species exhibit opposite characters. These results are consistent
with earlier predictions made using a discriminant function derived from attributes




 species. Informative exceptions are species with small








 spp. — mostly limited







Pinus pinea, Taxus baccata
 
 that are dependent on
vertebrates for seed dispersal). Most conifers do not require coevolved mutualists for
pollination and seed dispersal. Also, many species can persist in small populations
but have the genetic and reproductive capacity to colonize and increase population
size rapidly. The underlying mechanisms mediating conifer invasions are thus easier
to discern than is the case for most angiosperms. Further information is needed to
determine the extent to which propagule pressure (widespread dissemination, abundant
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Most plant species that are moved by humans to areas well out-
side their natural ranges only persist where they are cultivated,
or flourish only in highly disturbed habitats. A small number of
introduced species overcome the many barriers to establishment
and persistence and become incorporated in the biota of the
new region. A few species proliferate to such an extent in new
environments that they interfere with the local biota, sometimes
causing substantial changes in ecosystem functioning. Biological
invasions are important drivers of the escalating homogenization
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biodiversity. Predicting which species will invade and which hab-





., 2002; Kolar & Lodge, 2002; National Research




., 2003). Despite pessimistic prognoses
in the 1980s for substantial advances in our ability to explain and
predict (beyond trivial generalizations) invasiveness and invas-
ibility (Crawley, 1987; Noble, 1989; Whitmore, 1991), substantial










have been made in untangling the complex determinants of invas-
















). However, by far the most robust, albeit surpris-
ingly simple, predictive framework to emerge to date has been




, but also applicable to other woody plant





Pine invasions have been well studied worldwide (Richardson &









., 2002, 2003); our ability to predict invasion dy-
namics and determinants of invasiveness for alien pines is probably
better than for any other group of woody invaders. But how do
pines compare with other taxa in the Pinaceae, to other conifers
(Pinopsida), to other gymnosperms (Gnetopsida, Cycadopsida,
Ginkgoopsida), and how do these groups differ from angiosperm
families comprising largely woody taxa? To what extent are
robust predictive frameworks derived for one taxonomic group
useful for predicting invasiveness in other groups? Are global
analyses like this useful, or do meaningful insights demand context-
specific analyses that invoke species traits and environmental
features (e.g. species-habitat-disturbance; Higgins & Richardson,
1998)?
In this paper we examine the current situation with respect
to naturalization and invasion of gymnosperms, with special ref-
erence to conifers. We determine which species have invaded,
explore discrepancies between classes, families and genera within
the gymnosperms, and in more detail for the conifers. We test
whether observed patterns in naturalization and invasion match
predictions based on life-history traits. We contrast crude pat-
terns of rarity and invasiveness in these taxa to ascertain whether
rarity and invasiveness are mirror–image syndromes. We also
place the observed patterns of invasion of gymnosperms in
context by contrasting these with those for woody angiosperms.
Insights from these approaches are assimilated to provide some
guidelines for management, and in particular for screening
plants to assess the risk of them becoming invasive. We examine
the implications of these findings for predictive plant-invasion
ecology. This paper presents an updated and much expanded
treatment of data discussed by Rejmánek & Richardson (2003).
 
METHODS
Compilation of list of naturalized/invasive taxa
 
A list of naturalized and invasive taxa was compiled over more
than a decade from many sources: an exhaustive review of the
literature, using all available abstracting databases, the Internet
(always with subsequent checking), and direct correspondence with
many researchers throughout the world, and our own observa-
tions in many parts of the world. It is important to note that we
did NOT accept species to be ‘naturalized’ or ‘invasive’ unless
sufficient information was available to apply objective criteria.
We checked many published sources with experts to verify
ambiguous or dubious records. We did not add species to our list
simply on the basis of inclusion of these species in compendia or
unsubstantiated lists. Our concerns relating to the compilation of








. (2004) and references cited
therein. Our list is thus conservative (many dubious records were
omitted). We consider introduced (i.e. ‘alien’ — clearly outside their
natural range, although not necessarily in a different country)
plants to be ‘naturalized’ if they reproduce consistently and
sustain populations over several life cycles. We excluded species










 in parts of Mediterranean Europe (e.g. Francini-
Corti, 1969; Bernetti, 2000; for Italy). Where records were of isol-
ated observations of single seedlings, we did NOT list the taxon
as naturalized. For example, several species listed as naturalized in





























) (M. Frankis, pers.
comm.). Some species were listed as naturalized or invasive for





 in Hungary — native in beech forests, but widely naturalized
in other, drier parts of the country (Z. Botta-Dukat, pers. comm.).
‘Invasive’ taxa are those aliens that produce reproductive off-
spring, often in very large numbers, at considerable distances
from parent plants and thus have the potential to spread over a
considerable area (we find 100 m a useful rule of thumb in this
regard). An important critical distinction between naturalization
and invasion is thus the distance at which propagules establish
from adults, and the ability of such propagules to reproduce (i.e. the
stage at which the population loses its reliance on propagules from
the founder population for continued presence). For further dis-
cussion on these terms and related concepts in plant-invasion
















We collated statistics on the number of genera, species, and rare





1998) for families of gymnosperms and for selected families of
angiosperms. To arrive at a set of angiosperm taxa appropriate
for comparing with gymnosperms, we selected 15 large families
comprising prevailingly tree or shrub species. We also computed
an ‘index of invasiveness’, defined as the number of invasive species/
number of rare or threatened species, as a crude index indicating
the degree to which the family comprises invasive over rare species









 to other conifers. Our original analyses (Rejmánek &
 












Richardson, 1996) were based on available data for 24 well-
known and frequently cultivated pine species. We classified 12 of
these as ‘invasive’ a priori (reported as spreading spontaneously
on at least two continents) and 12 as ‘non-invasive’ (planted on at
least three continents but never reported as spreading). A simple
discriminant analysis (Huberty, 1994) was performed using 10
potentially relevant life-history traits as predictors of member-
ship in the two groups. Only three traits contributed significantly
to the discriminant function and consistently maximized the dif-
ference between the two groups: v (mean seed mass), v (minimum
juvenile period), and the mean interval between large seed crops.




















10.09 S, where M = mean seed mass (in milli-
grams), J = minimum juvenile period (in years), and S = mean
interval between large seed crops (in years). Positive Z-values
indicate more invasive species, negative Z scores mean non-invasive
or less invasive species. This discriminant function (Z) was later
successfully applied to other gymnosperms and to some woody
angiosperm taxa (Rejmánek, 1996; Rejmánek & Richardson,
2003). Note that the parameters in this discriminant function
used in the present paper differ from those used in Rejmánek &




(previously categorized ‘non-invasive’, but actually highly invas-




, 1996; M. Rejmánek,
unpublished data) from the data set used for the estimation of
parameters. We used this revised discriminant function in this
study to predict invasiveness in an ecologically and taxonomic-








Out of four gymnosperm classes, three (Cycadopsida, Gink-
goopsida and Gnetopsida) have no known invasive species





 are listed as weedy in Randall (2002), but we could find no
evidence to support classifying any of these species as ‘natural-
ized’ or ‘invasive’ using our criteria. There are also several records





















do not consider any of these cycads to be naturalized or invasive
according to our definitions. These classes can be considered
non-invasive. Within the conifers (class Pinopsida), four of the
six families are also non-invasive. The Cupressaceae (including
Taxodiaceae) has only six clearly invasive species (out of 135),





with 28 known invasive species (and another 22 naturalized
species), is more ‘weedy’ (i.e. has a higher proportion of invasive
species — 12%) than any of the angiosperm families listed in
Table 1. Among the angiosperm families considered here, only
three (Aceraceae, Myrtaceae, and Ulmaceae) have more than 5%
invasive species. The 15 non-pine conifers (out of 507 species;
3%) known to be invasive (seven in the Pinaceae; six in Cupres-



































































About 44% of gymnosperms and 38% of conifers are con-
sidered rare (many of them are threatened with extinction). The
proportion of threatened taxa varies considerably between coni-
fer families — from 78% in the Araucariaceae to 28% in Pinaceae.
However, the proportion of threatened species in Pinaceae is
more similar to ‘non-invasive’ angiosperm families.
Computed Z scores for a wide range of conifers show that
species with the highest positive scores are generally known to be
naturalized or invasive in the most regions (Table 2). Only four


















 outside its natural range in South Africa),
and there are only nine records of invasive conifers with Z scores

























 in Great Britain). All the nat-
uralized conifers with Z scores < 0 are very widely cultivated. Based
on the data summarized in Table 2, the proportion of species
with at least one invasion record among those with positive Z-
scores is significantly higher than the same proportion among








 = 0.009). Also, the
proportion of species with at least one naturalization record












Rigour of the natural experiment
 
For several distinct reasons, gymnosperms, and conifers in
particular, are an excellent group for exploring the factors that
separate invasive from non-invasive plant taxa. Firstly, many
gymnosperm taxa have been introduced to, and widely planted
in, many areas, giving them many opportunities over many dec-
ades to sample a wide range of potentially invasible habitats. Suf-
ficient opportunity to invade, through widespread dissemination
over many decades, is a crucial requirement for the objective label-




., 2004a). Many conifers are very widely used in exotic for-
estry, and as amenity and ornamental plants. Secondly, conifers
are very conspicuous and relatively well studied; most invasions
are thus well documented, and most failures to invade are fairly
obvious. Therefore records of naturalization and invasion of
conifers worldwide (screened using objective criteria, as sum-
marized in Appendix 1) provide a unique means of ‘validating’
predictive frameworks such as that developed by Rejmánek &
Richardson (1996) and updated in this paper. The global trans-
planting experiment is not complete, nor is the experimental
design ideal, since planting intensity and global coverage is not
uniform for all conifer taxa. Some species have had more oppor-








, from a tiny native range in California
and a few islands, it has been planted over huge areas in exotic
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plantations, mostly in the southern hemisphere, especially New




 is the most widely planted conifer in Europe (Schmidt-
Vogt, 1987) and the most widely cultivated spruce in North




 is the commonest tree in
Great Britain (Peterken, 2001). In general, conifer taxa from
Europe and North America have been more widely planted well
outside their natural ranges than those from other regions, not-













 (from China) has enjoyed trivial planting and










from its life-history traits (Table 2) is certainly at least partly
attributable to the abundant plantings of this species, and there-
fore the availability of many propagules and interfaces with invas-
ible habitat (‘propagule pressure’; see discussion in Rouget &
Richardson, 2003). Northern hemisphere conifers have been much
more widely disseminated in the southern hemisphere than vice
versa. Despite these biases and caveats, much useful information
can be gleaned from the global transplanting experiment.
Table 1 Number of genera, species, threatened species and invasive species, and an ‘Index of invasiveness’ (number of invasive species/number 
of rare/threatened species) for conifer families and selected angiosperm families with a large proportion of tree and shrub taxa (Mabberley, 1997; 
Farjon, 1998; Oldfield et al., 1998; M. Rejmánek & D.M. Richardson, unpublished data)
 
Family No. of genera No. of species No. of rare species No. of invasive species Index of invasiveness
GYMNOSPERMS 81 878  390 (44%) 29 (3%)  0.074
Gnetopsida 3 66  1  0 (0%)  0
Ephedraceae 1 35  1  0 (0%)  0
Gnetaceae 1 30  0  0 (%)  0
Welwitschiaceae 1 1  0  0 (%)  0
Cycadopsida 11 182  149 (82%)  0 (0%)  0
Boweniaceae 1 2  0  0 (0%)  0
Cycadaceae 1 35  20 (57%)  0 (0%)  0
Stangeriaceae 1 1  1 (100%)  0 (0%)  0
Zamiaceae 8 144  128 (88%)  0 (0%)  0
Pinopsida 66 629  239 (38%) 36 (6%)  0.121
Araucariaceae 3 41  32 (78%)  1 (2%)  0.031
Cephalotaxaceae 1 10  6 (60%)  0 (0%)  0
Cupressaceae* 28 135  66 (49%)  6 (4%)  0.076
Pinaceae 11 225  62 (28%) 28 (12%)  0.451
Podocarpaceae 18 184  57 (31%)  1 (1%)  0.018
Taxaceae 5 22  15 (69%)  0 (0%)  0
Ginkgoopsida 1 1  1 (100%)  0 (0%)  0
Ginkgoaceae 1 1  1 (100%)  0 (0%)  0
ANGIOSPERM TREES
AND SHRUBS ? ? c. 18,000 c. 450** c. 0.025
Acearaceae 2 113  6 (5%)  6 (5%)  1.0
Betulaceae 6 110  8 (7%)  4 (4%)  0.5
Buxaceae 4 70  6 (9%)  0 (0%)  0
Casuarinaceae 4 95  0 (0%)  3 (3%) > 1.0
Dipterocarpaceae 16 680  395 (58%) ≤ 2 (≤ 0.3%) ≤ 0.005
Elaeagnaceae 3 45  2 (4%)  2 (4%)  1.0
Fagaceae 8 700  85 (12%)  5 (0.7%)  0.05
Hernandiaceae 5 57  15 (26%)  0 (0%)  0
Lecythidaceae 20 285  93 (33%)  0 (0%)  0
Magnoliaceae 7 165  61 (37%)  0 (0%)  0
Myrtaceae 129 4620 ≥ 296 (7%) 24 (0.5%) ≤ 0.081
Oleaceae 24 615  23 (4%)  11 (0.2%) 0.43
Salicaceae 2 435  7 (2%) ≥ 10 (≥ 2.3%) ≥ 1.4
Tamaricaceae 4 78  0 (0%)  6 (8%) NA***
Ulmaceae 16 175  12 (7%)  4 (2%)  0.33
*Incl. Taxodiaceae. **Incl. woody species from families which are not analysed here (e.g. Asteraceae (≥ 5 spp.), Bignoniaceae (≥ 3 spp.), Caprifoliaceae 
(≥ 5 spp.), Euphorbiaceae (≥ 5 spp.), Fabaceae (≥ 70 spp.), Lauraceae (≥ 5 spp.), Melastomataceae (≥ 10 spp.), Meliaceae (≥ 3 spp.), Moraceae (≥ 5 spp.), 
Myrsinaceae (≥ 3 spp.), Proteaceae (≥ 6 spp.); Rhamnaceae (≥ 5 spp.), Rosaceae (≥ 70 spp.), Solanaceae (≥ 10 spp.), Verbenaceae (≥ 10 spp.) (numbers in 
brackets indicate number of known invasive tree and shrub taxa).
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Determinants of invasiveness
Conifers are often portrayed as being less successful in an evolu-
tionary sense than woody angiosperms (Aubréville, 1965; Bond,
1989; Crane et al., 1995). This view is supported by recent ana-
lyses of seed plant invasiveness, especially in the northern hemi-
sphere (Protopopova, 1991; Hämet-Ahti et al., 1992; Simpson,
1992; (Table 7); Clement & Foster, 1994; Reichard, 1994; but see
PyÍek, 1998). Our analysis has, however, shown that some groups
of conifers, notably the Pinaceae and Pinus in particular, are as
invasive (or more so) as any angiosperm family comprising pre-
dominantly woody taxa. Indeed, only a few completely or pre-
vailingly herbaceous plant families seem to be more invasive than
Pinaceae (e.g. see PyÍek, 1998; Fig. 4). Several Pinus species are
among the most widespread and influential of all invasive plants,
especially in the southern hemisphere (Richardson & Bond,
 
Species Z score Naturalized records Invasive records
Sequoia sempervirens +11.9  2 0
Chamaecyparis lawsoniana  +9.9  3 0
Chamaecyparis nootkatensis  +8.5  0 0
Juniperus virginiana  +6.4  2 1
Cupressus macrocarpa ≥ +5.7  4 0
Juniperus communis  +5.6  0 1
Pseudotsuga menziesii  +5.6  2 7
Cupressus lusitanica ≥ +5.5  7 0
Larix decidua  +5.2  5 3
Cryptomeria japonica ≥ +4.6  3 1
Thuja plicata  +4.4  2 1
Taxodium distichum ≤ +4.1  3 0
Larix kaempferi (= L. leptolepis)  +3.8  2 1
Tetraclinis articulata ≥ +3.5  0 1
Sequoiadendron giganteum  +3.0  1 0
Juniperus osteosperma c. 3.0  0 0
Tsuga canadensis  +2.3  3 0
Platycladus orientalis c. +2.0  3 0
Picea sitchensis  +1.8  0 3
Picea pungens  +1.8  2 0
Abies procera  +1.5  0 1
Tsuga heterophylla  +1.4  3 1
Thuja occidentalis  +0.9  1 0
Callitris glaucophylla ≥ 0.3  3 0
Abies grandis −0.1  2 1
Torreya taxifolia ≤ −0.1  0 0
Juniperus ashei ≤ −0.4  0 0
Podocarpus latifolius ≤ −0.6  0 0
Abies alba  −2.9  3 0
Taxus baccata ≤ −3.0  6 0
Picea abies −3.8 > 7* 0
Abies nordmaniana −5.6  2 0
Podocarpus falcatus ≤ −5.7  0 1**
Cedrus atlantica −6.5  3 0
Araucaria cunninghamii −7.1  0 0
Abies concolor −7.8  1 0
Cedrus deodara −8.2  1 0
Abies amabilis −8.3  0 0
Araucaria columnaris −8.9  1 0
Ginkgo biloba −21.9  0 0
Araucaria heterophylla −22.1  1 0
Araucaria angustifolia −55.6  0 0
Araucaria bidwillii −68.6  0 0
*Picea abies has been planted more often than any other conifer in Europe (Schmidt-Vogt, 1987) and
is the most widely cultivated spruce in North America (Taylor, 1993).
**Podocarpus falcatus is invasive well outside its natural range in the Western Cape, South Africa.
Table 2 Predicted invasiveness (Z scores; 
modified from Rejmánek & Richardson, 1996; 
see Rejmánek et al., 2004a) of selected 
non-Pinus conifers and numbers of countries 
(or regions/states within large countries) 
where the taxon is known to be naturalized 
(regenerating naturally) or invasive 
(Appendix 1; see text for criteria for labelling 
taxa as ‘naturalized’/‘invasive’)
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1991; Richardson et al., 1994; Rejmánek & Richardson, 1996;
Richardson & Higgins, 1998). Many palaeoecological studies
have shown the superb ability of conifers to migrate rapidly
across deglaciated landscapes, or other habitats where the biotic
resistance in the form of competition from more vigorous
(angiosperm) plants has been reduced (references in Richardson
& Bond, 1991). Pines are most clearly distinguished from Abies
and Picea and indeed all other conifers in their role of aggressive
postdisturbance colonizers (Richardson & Rundel 1998). It is
therefore hardly surprising that pines have emerged as the most
successful conifers in the age of biological invasions. The extent
to which different pine species have performed as invasive aliens
can be explored with reference to deviations from the ‘idealized
pine prototype’ defined by Richardson & Rundel (1998). Such a
hypothetical species is light demanding, fast growing, regenerates
as even-aged stands after landscape-scale disturbance, and retains
its position in the landscape (and/or moves to new landscapes)
by exploiting aspects of its regeneration biology. This prototype
has much in common with taxa with high Z scores in Table 2.
The predictive framework based on three easily measurable life-
history traits (mean seed mass; minimum juvenile period; and
the mean interval between large seed crops; Rejmánek &
Richardson, 1996) simply provides a handy quantification of a
species’ inherent ability (i.e. without aid from mutualists) to dis-
perse over long distances (inherent vagility and innate capacity
for rapid population growth; Higgins & Richardson, 1999), win
in competition against other plants, and to survive (or proliferate)
under local disturbance regimes. The roles of two variables in the
discriminant function are clear. Short juvenile period and short
interval between large seed crops translate into early and consist-
ent reproduction. Both factors are clearly advantageous in fre-
quently disturbed habitats. Small mean seed mass is associated
with several potentially important phenomena: larger numbers
of seeds produced, better dispersed, high initial germinability,
and shorter chilling period needed to overcome dormancy
(references in Mazer, 1989; Rejmánek & Richardson, 1996).
Short juvenile period may be related to fast growth in general,
which may be related to high leaf-area ratio (LAR = leaf area/
total biomass) which at least some of the invasive pine species
exhibit (Strauss & Ledig, 1985; Grotkopp et al., 2002).
Extrapolation from Pinus to other Pinaceae and 
other conifers
The robustness of the simple predictive framework for Pinus is
partly due to the fact that pines have fairly simple regeneration
requirements. Also, pines have mating systems that favour
genetic recombination and creation of genetic variation (Ledig,
1998). Pines are, on average, among the most genetically variable of
organisms, both among and within populations. It is not clear
how (if at all) this relates to their invasiveness. Richardson &
Higgins (1998; p. 462) found no significant difference between
invasive and non-invasive pines in terms of their degree of hetero-
zygosity. Pines are generally less reliant on mutualists than are
other woody plants: most taxa are wind dispersed, and barriers
to invasion through the absence of appropriate mycorrhizal
symbionts which existed prior to European colonization in many
parts of the southern hemisphere have largely been overcome
(Richardson et al., 1994; Read, 1998). Pines thus have relatively
free reign to take advantage of colonization opportunities. Being
so unburdened with inherent constraints on colonizing ability,
the potential range of taxa with life-history traits embraced in a
high Z score (Table 2) is very largely determined by biotic and
abiotic limiting features (Richardson & Bond, 1991; Higgins &
Richardson, 1998). The lack of reliance on mutualists probably
also means that the widely held rule that ‘record of a plant’s invas-
iveness in [one area] is currently the most reliable predictor of
its ability to establish and invade [elsewhere]’ (National Research
Council, 2002) is even more useful for conifers than for most other
groups of plants. Weedy pines thus provide a benchmark against
which to evaluate ‘inherent invasiveness’ in other conifers.
The lack of invasion or naturalization in species of Cupres-
saceae and Tsuga with positive Z scores is probably a result of
special recruitment requirements: fire regime, seed stratification,
wet (mineral) substrate, partial shading but absence of damping-
off fungi, etc. (Sudworth, 1967; Vogl et al., 1977; Dirr & Heuser, 1987;
Rejmánek, 1999). Seed dispersal by vertebrate animals is respons-
ible for invasion of some coniferous species with negative Z
scores: Taxus baccata (Webb et al., 1988), Pinus koraiensis (Hayashida,
1989), P. pinea (Rejmánek & Richardson, 1996) and Podocarpus
falcatus (Geldenhuys, 1993). Available data, mostly fragmentary,
on rare or endangered conifer species (e.g. Amentotaxus spp.,
Araucaria spp., Cephalotaxus spp., Pinus maximartinezii, Torreya
spp.) show that their attributes exhibit an opposite tendency
compared with invasive species (large seeds, long juvenile peri-
ods, and long intervals between large seed crops). Further work is
needed to explore the extent to which traits and syndromes asso-
ciated with invasiveness are a mirror image of those associated
with rarity.
Prognosis
What can we expect over the next few decades? The current ‘pine
rise’ is well underway. Species that have already shown invasive
tendencies are certain to gain further ground. Regions with
recent large plantings of species that are invasive in many local-
ities need to learn from the experience in regions with longer his-
tories of these species as aliens. Pine species other than the dozen
or so that comprise the bulk of exotic conifer plantations (espe-
cially in the southern hemisphere) are being tested in many parts
of the world. The framework and perspectives presented here
gives a glimpse of what we can expect. Global change, with rapidly
changing climate patterns, altered disturbance and nutrient
regimes, and increased fragmentation are very likely to favour
considerable expansion of pine invasions worldwide (e.g.
Higgins & Richardson, 1999). Changing abundances of herbi-
vores have been shown to radically alter recruitment of pines in
many situations (Richardson & Bond, 1991). Most invasions by
pines are currently into grassland and shrubland and other com-
munities, and forests and woodlands are generally only invaded
following substantial disturbance (Richardson & Bond, 1991).
Increasing human-mediated disturbance in many forest and
Global invasiveness of conifers
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woodland types is sure to render them more susceptible to inva-
sion by pines and probably other conifers. A framework for con-
ceptualizing such changing patterns of invasibility with altered
disturbance regimes was provided by Higgins & Richardson
(1998). The increased abundance of generalist vertebrate seed-
dispersal agents and mycorrhizal fungi worldwide makes it
highly likely that many hitherto non-invasive conifers will
become naturalized or invasive over the next few decades. Species
that are already naturalized are probably best placed to become
invasive (fewer additional barriers to overcome), but synergistic
interactions between elements of global change could make
apparently non-invasive species switch to being invasive very
rapidly.
Suggestions for further research
Our review has presented a snapshot of the current situation
with regard to conifer invasions. As mentioned previously, the
global planting experiment on which our categorization of taxa
as naturalized or invasive is based is ongoing. As more species are
planted over larger areas, as environments and biota change, and
genetic changes occur (through the evolution of landraces and
increased genetic diversity through the introduction of new geno-
types), more species will become naturalized and invasive, and
some that invade now may become less invasive. The limited dis-
semination and planting of the many conifer taxa from regions
such as China weakens the confidence that can be placed in our
classification of some taxa as ‘non-invasive’. This is an inescapable
problem in this realm of invasion ecology — although the sampling
of taxa and potentially invasible habitats is better for conifers
than any group we know of, it will always be difficult (probably
impossible) to identify non-invasive species with as much confid-
ence as invasive species (Williamson, 1999). There are, however,
many opportunities to observe changing patterns in this regard,
and to strengthen the foundation of the predictive framework.
For example, Great Britain, with its long history of tree introduc-
tions and large plantings of many alien species (e.g. Picea sitchen-
sis, the commonest British tree; Peterken, 2001) is a good natural
laboratory for studies of the determinants of naturalization and
invasion in conifers. It would also be most useful to establish
‘sentinel sites’ at plantations, experimental plantings and arbo-
reta, especially those adjoining natural vegetation, across the
globe to monitor reproduction and regeneration dynamics of
alien species. It would also be very informative to revisit as many
sites as possible where many alien species were planted long ago,
e.g. the experimental plantings of many pines in South Africa
(Poynton, 1979), the abandoned plantations at Isla Victoria,
Nahuel Huapi National Park, Argentina (Simberloff et al., 2002,
2003), William Beal’s experimental planting of 41 tree species in
the pine barrens of Michigan, USA (Kilgore, 2002), the many
trees planted for restoration in the Mediterranean Basin (e.g.
Allemand, 1989), and the ‘Cockayne plots’ established in Central
Otago, New Zealand, in 1920 (Wills & Begg, 1986). Some parts of
the world appear to be relatively resistant to invasion by alien
conifers. For example, many alien conifers have been extensively
planted in the San Gabriel Mountains of California (including at
least 24 species listed in Appendix 1 and known to be invasive as
aliens in other parts of the world), but none have become nat-
uralized (Burns & Sauer, 1992). Similarly, few conifers are nat-
uralized in the Bialowieza Primaeval Forest which straddles the
border between Poland and Belarussia, despite widespread plant-
ing of many alien species (Adamowski et al., 2002). Further work
is needed to determine reasons for the failure of alien conifers in
these areas. Similarly, reasons for the absence of conifers on lists
of naturalized species in other parts of the world, e.g. Mexico
(Villaseñor & Espinosa-García, 1998) and Taiwan (Wu et al.,
2004), are needed to improve our ability to extend our predictive
framework.
Natural regeneration, naturalization, and invasion
Changing patterns of natural regeneration, and hence naturaliza-
tion and invasion, have wide-ranging, context-specific implications.
Natural regeneration of alien conifers is often undesirable. Where
alien conifers are grown in plantations, abundant seedling regen-
eration beneath canopies interferes with management activities.
Most intensive plantation forestry, especially in the southern
hemisphere, does not rely on natural regeneration following
clear cutting, and abundant regeneration following clearing is
undesirable (e.g. Donald, 1971). The dispersal of pine seeds from
plantations into adjoining natural or seminatural habitats where
they initiate large-scale invasions, with many impacts on ecosystem
structure or functioning, is an increasing problem, especially in
the Southern Hemisphere (Richardson et al., 1994; Richardson &
Higgins, 1998). In Sweden and other parts of northern Europe,
there is concern that the widely planted North American conifer
Pinus contorta (well known as an invader in several other parts of
the world) will invade neighbouring landscapes dominated by
native conifers. The structural similarity between P. contorta and
the native P. sylvestris in Sweden could prevent eradication of the
former if that is ever deemed necessary (Knight et al., 2001). Sur-
prisingly, the invasiveness of many conifer species used in exotic
forestry was not mentioned in a recent global assessment of
criteria and indicators for sustainable forest management (Raison
et al., 2001).
Natural regeneration of alien conifers is considered desirable
in some instances. For example, in Great Britain, changing forest
policy requires ‘lower impact silvicultural systems’ not based on
large-scale clearfelling. The transformation of large alien conifer
plantations to mixed-aged stands depends to a large extent on
natural regeneration (Malcolm et al., 2001). The ecology of nat-
ural regeneration, and therefore naturalization and invasion, is
thus a highly topical issue.
Lessons for invasion ecology
What are the lessons for invasion ecology from this study? Firstly,
we have shown that global analyses of determinants of invasive-
ness in closely related species are useful for improving our under-
standing of invasions. We suggest that conifers are probably
unequalled in their capacity to improve the robustness of predictions
in plant invasion ecology. Although invasive conifers have been
D. M. Richardson and M. Rejmánek
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very widely planted as aliens, and reasonably well studied, much
work can still be done. For example, an exciting area of research
would be to map the traits associated with high Z scores onto the
phylogeny of different conifer taxa. This would enable us to
understand the order of the establishment of such traits, and how
many times they have evolved in different taxa. It would also
facilitate the wider application of prediction, to include taxa for
which little or no ecological information is available. This has
been done recently, but only for 85 Pinus species (Grotkopp
et al., 2004). Secondly, the validation of the predictive framework
from our global survey has underscored the pivotal roles of
reproduction and dispersal ecology in plant invasions; traits
associated with these factors seem to represent a baseline for
invasiveness, upon which other factors act as modifiers.
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Appendix S1 Naturalized and invasive (in bold) conifers
(Pinopsida), based on hundreds of published and unpublished
sources and the unpublished data and personal observation of
the authors over more than a decade. No taxa in the Cycadopsida,
Ginkgoopsida or Gnetopsida satisfied the criteria for inclusion.
‘Naturalized’ taxa are known to reproduce consistently and
sustain populations over several life cycles. ‘Invasive’ taxa repro-
duce reproductive offspring, often in large numbers, at consider-
able distances from parent plants (see text and Richardson et al.,
2000 and PyÍek et al., 2004 for further details). More information
on invasive Pinus species in the Southern Hemisphere is given in
Richardson et al. (1994) and Richardson & Higgins (1998).
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Appendix List of naturalized or invasive (in bold) conifers (Pinopsida), based on hundreds of published and unpublished sources and the 
unpublished data and personal observation of the authors over more than a decade. No taxa in the Cycadopsida, Ginkgoopsida or Gnetopsida 
satisfied the criteria for inclusion. ‘Naturalized’ taxa are known to reproduce consistently and sustain populations over several life cycles. 
‘Invasive’ taxa produce reproductive offspring, often in large numbers, at considerable distances from parent plants (see text and Richardson 
et al., 2000 and PyÍek et al., 2004 for further details). Nomenclature follows Farjon (1998). An expanded version of this appendix with supporting 




Araucaria araucana (Argentina; Great Britain*); A. columnaris (Hawaii); A. heterophylla (New Zealand)
Cupressaceae (including taxodiaceae)
Callitris calcarata (Zimbabwe); C. glaucophylla (incl. C. columellaris) (Australia; Hawaii; USA (Florida)); C. rhomboidea (New Zealand); 
C. robusta (Australia); C. verrucosa (Australia)
Chamaecyperis lawsoniana (Great Britain; Ireland; New Zealand); C. pisifera (USA (New England))
Cryptomeria japonica (Azores; Germany; Hawaii; New Zealand)
Cupressus lusitanica (Australia; Brazil; Georgia (former USSR); Kenya; Malawi; Puerto Rico; Tanzania); C. macrocarpa (Australia (SA; TAS); Great Britain;
Ireland; New Zealand); C. sempervirens (Australia, France, Italy (mainland; Sardinia))
Juniperus bermudiana (Hawaii; St Helena); J. cedrus (South Africa); J. communis (Argentina); J. virginiana (USA (Idaho); South Africa)
Platycladus orientalis (Spain; USA (Florida))
Sequoia sempervirens (Great Britain; New Zealand)
Sequoiadendron giganteum (Ukraine (former USSR))
Taxodium distichum (France; Vietnam; USA (New York))
Tetraclinis articulata (South Africa)
Thuja plicata (Great Britain; New Zealand; Poland); T. occidentalis (USA (Iowa))
PINACEAE
Abies alba (Great Britain; Ireland; New Zealand); A. cephalonica (Great Britain); A. concolor (USA (New England)); A. grandis (Great Britain, 
Ireland; Sweden); A. nordmanniana (Great Britain; New Zealand); A. procera (Great Britain); A. sibirica (Finland)
Cedrus atlantica (France; New Zealand; Spain); C. deodara (USA (SE))
Larix decidua (Canada (Newfoundland); Czech Republic; Great Britain; Ireland; Lithuania; New Zealand; USA (New England, New York)); 
L. kaempferi (= L. leptolepis) (Great Britain; Ireland; Japan); L. x marschlinsii (Canada (Newfoundland); Great Britain)
Picea abies (Australia (NSW); Czech Republic; Great Britain; Ireland; Poland; Spain; USA (New England)); P. glauca (Lithuania, Norway, Poland); 
P. pungens (USA (New England, New York)); P. sitchensis (Great Britain; Ireland; New Zealand)
Pinus banksiana (Belorussia; Lithuania; New Zealand; Poland; Russia; USA (New York)); P. brutia (Australia (WA)); P. canariensis (Australia (WA, SA);
South Africa); P. caribaea (Australia (WA, SA); Hawaii; New Caledonia; Puerto Rico; Venezuela); P. contorta (Argentina; Australia (NSW);
Chile; Great Britain; Ireland; New Zealand; Russia; Sweden); P. clausa (USA (Florida, SE)); P. elliottii (Argentina; Australia (NSW); Brazil; Hawaii;
New Zealand; South Africa); P. halepensis (Australia (SA, Vic); Israel; New Zealand; South Africa; USA (California)); P. jeffreyi (Australia; Hawaii); P.
kesiya (Brazil, South Africa); P. koraiensis (Japan); P. luchuensis (Japan (Bonin Islands)); P. monticola (Argentina); P. mugo (Great Britain; Lithuania;
New Zealand; USA (New England); Russia); P. muricata (Great Britain; New Zealand); P. nigra (Australia (NSW, Vic, SA); Czech Republic; Great Britain;
Hungary; Lithuania; New Zealand; Russia; USA (Michigan; New England)); P. patula (Hawaii, Madagascar; Malawi; New Zealand; South Africa);
P. peuce (Finland; Russia; Slovakia); P. pinaster (Australia (SA; Vic; NSW, TAS); Chile; Great Britain; Hawaii; New Zealand; Reunion; South Africa;
Uruguay); P. pinea (Australia (NSW); Mediterranean Basin (many places, e.g. Italy) South Africa; USA (Santa Cruz Island, CA)); P. ponderosa (Argentina;
Australia (SA); Chile; New Zealand; Russia); P. radiata (Australia (WA; SA; Qld; NSW; Vic; TAS); Chile; Great Britain; Hawaii; New Zealand; South
Africa; Spain); P. rigida (Italy); P. roxburghii (South Africa); P. strobus (Belorussia; Bulgaria; Czech Republic; Germany; Great Britain; Hungary; New
Zealand; Poland, Russia; Ukraine (former USSR)); P. sylvestris (Argentina; Canada (Ontario); Chile; Ireland; New Zealand; USA (New England; NE
USA, New York; SE USA); P. taeda (Argentina; Australia (NSW; Qld); Brazil; Hawaii; New Zealand; South Africa); P. thunbergii (China, USA
(New England)); P. uncinata (New Zealand); P. virginiana (USA (Missouri))
Pseudotsuga menziesii (Argentina; Austria, Bulgaria; Chile; Czech Republic; Germany; Great Britain; Ireland; New Zealand; USA (New York))
Tsuga canadensis (Georgia (former USSR); Poland; USA (Missouri)); T. heterophylla (Denmark, Great Britain, Ireland; Norway); T. mertensiana
PODOCARPACEAE
Podocarpus falcatus (= Afrocarpus falcate) (Australia (NSW); South Africa); P. macrophyllous (USA (Florida)); P. salignus (Great Britain)
TAXACEAE
Taxus baccata (Canada (BC); Hungary; New Zealand; USA (Oregon, Washington, New England)); T. cuspidata (USA (New England)) 
*This is a very unusual case in this family — squirrels and/or birds are obviously responsible for dispersal of large seeds of this species (see Appendix S1).
